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Lamellar granules are sphingolipid-enriched organelles,
probably intimately related to the tubulo-vesicular ele-
ments of the trans-Golgi network, that deliver the pre-
cursors of stratum corneum barrier lipids to the
extracellular compartment. Caveolins are cholesterol-
binding sca¡olding proteins that facilitate the assembly
of cholesterol- and sphingolipid-enriched membrane
domains known as caveolae. Similarities in the compo-
sition of lamellar granules and caveolae suggest that ca-
veolins could be involved in lamellar granule assembly,
tra⁄cking, and/or function. In order to explore this re-
lationship, we have examined the expression of caveo-
lins in epidermis, keratinocyte cultures, and an isolated
lamellar granule fraction using immunolabeling, im-
munoblotting, and northern blotting. Several antibo-
dies show immunolocalization of caveolin-1 in the
basal layer of human epidermis, with a decline in the
suprabasal layers and a reemergence of expression at
the stratum granulosum/stratum corneum junction.
Two of three caveolin-2 antibodies show little basal
staining, but strong signal throughout the rest of the
epidermis, whereas a third shows a pattern like caveo-
lin-1. An antibody against caveolin-3 shows a strong
signal at the stratum granulosum/stratum corneum in-
terface. Caveolins partially colocalize with glucocereb-
rosidase, an enzyme known to be critical for
remodeling of extruded lamellar granule contents, with
AE17, a previously described lamellar-granule-asso-
ciated antibody, and with glucosylceramides, a major
lipid component of lamellar granules. Caveolin-1 pro-
tein is present in undi¡erentiated low-calcium-grown
keratinocyte cultures, decreases upon induction of dif-
ferentiation, and then rises to levels above those seen in
undi¡erentiated cultures, consistent with the immuno-
£uorescence ¢ndings. Caveolin-1 mRNA expression
parallels that of the protein. Caveolin-2 mRNA and
protein expression were unchanged over the course of
culture di¡erentiation. Keratinocyte caveolin-1 mRNA
expression is not induced by an increase in medium cal-
cium level and is markedly reduced by phorbol-ester-
mediated protein kinase C induction. Caveolin-1 is en-
riched in an isolated lamellar granule fraction that is
also enriched, as we have previously described, in lyso-
somal acid lipase and glucocerebrosidase, and localizes
to structures consistent with lamellar granules on im-
munoelectron microscopy. The di¡erentiation-depen-
dent expression of caveolin-1, the colocalization of
caveolins with putative lamellar-granule-associated
antigens, their enrichment in isolated lamellar granules,
and their presence in lamellar-granule-like structures
on immunoelectron microscopy, along with their
known structural role in the assembly of glycosphingo-
lipid- and cholesterol-enriched domains in other cell
types, suggest that caveolins may play a role in lamellar
granule assembly, tra⁄cking, and/or function. Key
words: epidermis/Golgi/protein kinase C/sphingolipids/vesicle
tra⁄cking. J Invest Dermatol 120:531 ^541, 2003
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aveolae are sphingolipid- and cholesterol-rich plas-
ma membrane microdomains found in diverse cell
types, most prominently in adipocytes, endothelial
cells, ¢broblasts, and muscle cells (reviewed in An-
derson, 1998). The morphology of caveolae varies
considerably among cell types, from classical £ask-shaped invagi-
nations to tubular invaginations (Anderson, 1998). The signature
macromolecules, caveolins, are 18^24 kDa cholesterol-binding
proteins that cycle between plasma membrane and trans-Golgi
compartments, and are thought to be responsible for the structur-
al organization of caveolae. There are three family members, de-
signated as caveolin-1, caveolin-2 and caveolin-3, with caveolin-1
having two isoforms (a and b).Whereas caveolin-1 and caveolin-
2 are coexpressed in most tissues, caveolin-3 is muscle speci¢c.
Caveolae/caveolins are involved in endocytosis, cholesterol traf-
¢cking, and a variety of signal transduction pathways (Fielding
and Fielding, 1997; Anderson, 1998; Shaul and Anderson, 1998),
and may be involved in tumor suppression (Engelman et al, 1998).
The amino acid sequence of caveolin-1 shows a central 33
amino acid (aa) hydrophobic domain, believed to anchor the
molecule in the membrane in a hairpin con¢guration, with
hydrophilic NH2- and COOH-terminal domains projecting
into the cytosol (reviewed in Schlegel et al, 2000). Two
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unconventional membrane attachment domains (MADs) £ank
the hydrophobic domain and bind to membranes with high a⁄-
nity. The N-terminal MAD targets to caveolar membranes and
the C-terminal MAD to the trans-Golgi. Caveolin-1 can homo-
oligomerize or it can hetero-oligomerize with caveolin-2 via the
41 aa cytoplasmic juxtamembrane region of the amino-terminal
domain. Adjacent oligomers then interact via their C-terminal
domains to form large oligomeric complexes. The 20 aa C-term-
inal half of the caveolin-1 oligomerization domain mediates the
interaction of caveolin-1 with many other proteins and has been
called the caveolin-sca¡olding domain. The sca¡olding domain
binds to a particular peptide motif shared by a number of signal-
ing molecules and regulated enzymes. In general, caveolin-1 in-
teraction inhibits the activity of its binding partners, either
holding them in an inactive state or terminating activity follow-
ing a stimulus. Molecules that have been found to be associated
with caveolin-1/caveolae in various cell types include Ras, Src-
like tyrosine kinases, G proteins, G-protein-coupled receptors,
endothelial nitric oxide synthase, the Sonic Hedgehog receptor
Patched, serine/threonine kinases, epidermal growth factor recep-
tor, cyclooxygenase-2, neutral sphingomyelinase, and protein ki-
nase A (Mineo et al, 1996; Couet et al, 1997; Karpen et al, 2001;
Liou et al, 2001; Razani and Lisanti, 2001b; Veldman et al, 2001).
Lamellar granules (LGs) are small membrane-bound sphingo-
lipid- and cholesterol-enriched organelles found in the terminally
di¡erentiating cells of keratinizing epithelia. They are ¢lled with
stacked lipid lamellae as well as a variety of acid hydrolases that
are extruded into the extracellular space at the junction of the
viable epidermis and the nonviable stratum corneum. Once
extruded, the lipids undergo enzymatic processing and reorgani-
zation to form the intercellular lamellar lipid sheets that are re-
sponsible for epidermal barrier function. A large body of
evidence supports the concept that LGs originate from the Golgi
apparatus, and LGs, which show morphology ranging from vesi-
cles to tubules on electron microscopy, may actually be specia-
lized trans-Golgi network tubulovesicular structures (Madison
and Howard, 1996; Elias et al, 1998; Madison et al, 1998). The me-
chanisms involved in the assembly of LG membranes, how inac-
tive lipid processing enzymes are incorporated into their
structure, and how the assembly and extrusion process is regu-
lated remain completely unknown. The striking biochemical,
morphologic, and functional analogies between caveolae and
LGs suggest that caveolins may be involved in keratinocyte
cholesterol and sphingolipid tra⁄cking and in the assembly of
LGs. Caveolins have recently been demonstrated in normal
human keratinocyte cultures (Li et al, 2001) and in epidermis
(Campbell and Gumbleton, 2000; Gassman and Werner, 2000;
Li et al, 2001; Campbell et al, 2002), but their speci¢c role has
not been investigated.
MATERIALS AND METHODS
Chemicals and biochemicals Reagents were purchased from Sigma
Chemical, St. Louis, MO, unless otherwise indicated, and were of the
highest grade commercially available. Stock solutions of b-phorbol 12-
myristate 13-acetate (PMA) and bisindolylmaleimide/GF 109293X (BIM)
were prepared in dimethylsulfoxide and stored in the dark at ^201C or
41C, respectively.
Antibodies Primary antibodies used to detect caveolins are described in
Table I. Secondary antibodies for immuno£uorescence microscopy were
a⁄nity-puri¢ed species-speci¢c immunoglobulins conjugated with Texas-
Red or Alexa Fluor 488 (Molecular Probes, Eugene, OR) or £uorescein
(Sigma). The immunogold labeling reagent used for immunoelectron
microscopy was a⁄nity-puri¢ed 10 nm gold conjugated goat antirabbit
immunoglobulins from Aurion (Wageningen, The Netherlands).
Horseradish-peroxidase-conjugated a⁄nity-puri¢ed antibodies used for
immunoblots were from Sigma. Monoclonal antibody AE17 was a
generous gift from Dr. Tung-Tien Sun, NYU Medical Center, NewYork,
NY. Rabbit polyclonal antiserum against glucosylceramides was purchased
from Glycobiotech (Kuekels, Germany). Rabbit polyclonal antiserum
against glucocerebrosidase was kindly provided by Dr. Ernest Beutler,
Scripps Research Institute, La Jolla, CA.
Tissue culture Keratinocytes were obtained from neonatal foreskins by
overnight trypsinization in 0.25% trypsin/0.1% sucrose in phosphate-
bu¡ered saline (PBS) at 41C. Cells were plated in 60 mm plastic tissue
culture dishes and cultured at 371C in a humidi¢ed incubator under a 5%
CO2/95% air atmosphere with keratoinocyte growth medium D (KGM-
D) (Clonetics, San Diego, CA) containing 0.07 mM calcium and 2% fetal
bovine serum (HyClone, Logan, UT). After 24 h cultures were fed fresh
medium without serum, and this was replenished every other day.
Cultures were passed into 100 mm dishes at 60%^70% con£uence using
the same protocol, except that KGM-D was replaced with standard KGM.
Con£uent cultures in the second or third passage were switched to either
KGMwith various additives or to Dulbecco’s modi¢ed Eagle’s medium (1 g
per l glucose)/Ham’s F-12 (3:1) supplemented with 10% fetal bovine serum,
10 mg per ml insulin, 0.4 mg per ml hydrocortisone, 5 units per ml
penicillin, and 5 mg per ml streptomycin (cDMEM). Immediately before
application to cells, e¡ectors were diluted in culture medium to give a
¢nal 0.01%^0.1% solvent concentration. Procedures with light-sensitive
compounds were conducted in subdued light.
Northern blots
Generation of caveolin probes mRNA was isolated from keratinocyte cul-
tures using the Poly(A) Pure mRNA isolation kit (Ambion, Austin, TX).
Reverse transcription polymerase chain reaction (RT-PCR) was performed
according to a one-step protocol from Clontech (Palo Alto, CA). Primer
pairs used to prepare probes for the caveolin mRNAs were designed with
use of Primer3 software and demarcated target sequences within the
mRNA coding regions: caveolin-1, 201 bp product, 50 primer CCACCTT-
CACTGTGACGAAA, 30 primer CACAGACGGTGTGGACGTAG; caveo-
lin-2, 299 bp product, 50 primer CGGTGACTACGCACTCCTTT, 30
primer CAGTTGCAGGCTGACAGAAG; caveolin-3, 400 bp product,
50 primer GATGATGGCAGAAGAGCACA, 30 primer GAAGAGTGG-
GTTGCAGAAGG; caveolin-3, 303 bp product, 50 primer CCGAGACCC-
CAAGAACATTA, 30 primer GTGCGGATGCAGAGTGAGTA. AT7 pro-
moter was ligated onto the PCR products using the Lig|¤ nscribe Kit
(Ambion) and a biotinylated RNA probe was transcribed using the
MAXIscript Kit (Ambion).
Northern analysis Total RNA was isolated using RNA ISOLATER
(Genosys,TheWoodlands,TX) and was analyzed using the NorthernMax
kit (Ambion). Denaturing agarose gels were stained with Radiant Orange,
Table I. Source and properties of polyclonal and monoclonal antibodies directed against caveolin polypeptides
Caveolin sequence Suppliera Catalog number Antibody type,b clone
Cav-1, 197 TL C13630 P
Cav-1, 1178 TL C37120 M, #2297
Cav-1, 1178 TL C43420 M, #2234
Cav-1, 120 SC SC894 (N-20) P
Cav-1, 82178 SC SC7875 (H-97) P
Cav-2, 42162 TL C57820 M, #65
Cav-2, 54149 SC SC7942 (H-96) P
Cav-2, 120 SC SC1858 (N-20) P
Cav-3, 324 TL C38320 M, #26
aTL,Transduction Laboratories; SC, Santa Cruz.
bP, polyclonal antibody; M, monoclonal antibody.
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photographed, and blotted onto BrightStar-plus nylon membranes
(Ambion). Blots were hybridized overnight in the presence of biotinylated
probes for caveolins and 28S rRNA (Ambion). Signals were developed
with a chemiluminescent reagent and the blot was exposed to radiographic
¢lm (Kodak X-OMATAR, Eastman Kodak, Rochester, NY). Films were
scanned (ScanJet4, Hewlett Packard) and signals were quantitated with use
of SigmaGel software (Jandel, San Rafael, CA). Sample loading di¡erences
were corrected by comparison to the chemiluminescent 28S rRNA signal
in each lane or by comparison to corresponding dye-stained 28S and 18S
RNA bands in the gel.Values for caveolin mRNAwere further normalized
with respect to DNA (Labarca and Paigen, 1980), measured in cell homo-
genates from cultures within the same experimental groups as the cultures
analyzed for message levels.
Immunoblots
Sample preparation Cultures were rinsed ¢ve times with PBS, harvested in
saline with a plastic scraper, and centrifuged at 251C for 5 min at 1000 g.
Pellets were stored at 201C until assays were performed. Cell lysates were
prepared in ice-cold bu¡er, pH 6.9, containing 0.25 M sucrose, 5 mM 3-
(N-morpholino)propanesulfonic acid (MOPS), 1 mM ethylenediamine tet-
raacetic acid (EDTA), 1 mM ethyleneglycol-bis(b-aminoethyl ether)-
N,N,N0,N0-tetraacetic acid (EGTA), 0.5 mM phenylmethylsulfonyl £uoride
(PMSF), 1 mM 2,3-dimercaptopropanol, and protease and phosphatase in-
hibitor cocktails (P8340 and P5726, respectively, from Sigma). Cell pellets
in 1.5 ml bu¡er were processed for 20 s at low speed with a Polytron PT10/
35 homogenizer equipped with a PTA 10 generator (Brinkmann Instru-
ments,Westbury, NY), and then sonicated in an ice bath for 2 min as de-
scribed previously (Sando et al, 1996). Aliquots of keratinocyte lysates were
boiled with Laemmli sample bu¡er as soon as possible after preparation
and stored at ^201C.
Immunoblotting analysis Sample proteins were separated by sodium dodecyl
sulfate polyamide gel electrophoresis (Laemmli, 1970) with 10% gels and
then blotted onto PVDF membranes (Immobilon-P, Millipore) (Towbin
et al, 1979). Blots were blocked for 90 min at room temperature with
PBS/0.05% Tween-20 (PBST) that contained 5% nonfat dry milk (sample
lanes) or 5% bovine serum albumin (BSA) (biotinylated molecular size
markers). Blots were incubated for 18 h at 41C with primary antibodies di-
luted in 5% milk in PBS. Sample lanes of the blots were incubated for 30
min at ambient temperature with horseradish-peroxidase-conjugated
secondary antibodies in 5% milk/PBST, and marker lanes with peroxi-
dase-neutravidin (Pierce Chemical, Rockford, IL) in 1% BSA/PBST.
Washes following antibody treatments were with PBST. Peroxidase-labeled
immunoglobulins adhering to blots were detected with use of Ultra Dura-
West chemiluminescence reagents and protocols from Pierce. Signals on
radiographic ¢lms were quantitated as was described for northern analysis.
LG preparations Methods used closely followed those described
previously (Madison et al, 1998) and were based on a protocol originally
described by Freinkel and Traczyk (1981). Epidermis was isolated from
human abdominal skin discarded at the time of lipectomy surgery or
from pig skin. A 6 cm diameter metal probe heated to 601C was placed
on the tissue for 45 s and the loosened epidermis was collected with use
of a stainless steel spatula. Tissue was stored at ^801C. Thawed samples
E3 g wet weight were minced with scissors and disrupted with a tight
¢tting ground glass homogenizer in 30 ml cold homogenization bu¡er
(20 mM Na phosphate, pH 6.5, 0.15 M NaCl, 10 mM EDTA, 1 mM
PMSF, and 10 mM 2-mercaptoethanol). The homogenate was centrifuged
for 5 min at 400 g and 41C to remove cell debris and the supernate was
centrifuged for 20 min at 17,000 g. The 17,000 g precipitate was
reconstituted in 0.25 M sucrose that contained 10 mM 2-mercaptoethanol
and 1 mM PMSF, layered onto a preformed linear gradient of 20%^50%
Metrizamide in the sucrose bu¡er, and centrifuged for 2 h at 26,000 g
using a Beckman SW 50.1 rotor. Three opaque bands, at the top, middle,
and bottom of the gradient, were collected, diluted into 1^2 ml
homogenization bu¡er, and centrifuged for 5 min at 14,000 g.
Treatment of epidermal fractions for analysis of caveolin content
and acid hydrolase activities Precipitated membrane fractions
separated by the gradient centrifugation step and samples from earlier
centrifugation steps were diluted with a bu¡er that contained 0.25 M
sucrose, 5 mM MOPS, pH 6.9, 1 mM EGTA, 1 mM EDTA, 0.5 mM
PMSF, and 1 mM 1,3-dimercaptopropanol. Aliquots were treated by one
of three procedures. One portion was boiled with Laemmli sample bu¡er
and then stored at ^201C for subsequent analysis of caveolin-1 by
immunoblotting; a second was diluted into a stabilizing bu¡er containing
50 mM Na phosphate, pH 6.8, 10% glycerol, 10 mM 2-mercaptoethanol,
0.05% Triton X-100, and 1 mM EDTA for subsequent analysis of acid
lipase activity by a £uorogenic method (Sando et al, 1990); and a third was
stored at ^201C until it was analyzed for total protein content (Lowry et al,
1951), or for acid b-glucosidase activity by a £uorogenic method modi¢ed
slightly from that described by Suzuki (1978). The 50 ml b-glucosidase
assay mixture contained 0.1 M sodium acetate, pH 5, 5 mM 4-
methylumbelliferyl-b-glucoside, 0.6% sodium taurocholate, 0.25% Triton
X-100, 2 mM b-mercaptoethanol, and 1 mM EDTA. The reaction was run
for 30 min at 371C and stopped by addition of 0.35 ml 0.5 M glycine
bu¡er, pH 10.5. Fluorescence was measured in a computer-linked Perkin
Elmer 3 spectro£uorimeter.
DNA and protein analysis Protein content was estimated by the
method of Lowry et al (1951) with the use of crystalline BSA as a
standard. DNA was estimated with a £uorescent dye binding assay
(Labarca and Paigen, 1980) using salmon sperm DNA (type III, Sigma) as
a standard.
Standard electron microscopy for ultrastructure Samples were
prepared as described by Swartzendruber et al (1995). Whole skin or
pelleted LG preparations were ¢xed in 0.1 M cacodylate-bu¡ered 3%
formaldehyde/3% glutaraldehyde (Tousimis, Rockville, MD) overnight at
41C and post¢xed in 1% osmium tetroxide with 1.5% potassium
ferrocyanate in 0.1 M cacodylate bu¡er at pH 6.8. After rinsing and
dehydration through an ascending acetone series the tissues were
embedded in Spurr’s resin. Thin sections were stained with uranyl acetate
and lead citrate and examined in a Hitachi 7000 or Zeiss EM 10 electron
microscope.
Immuno£uorescence microscopy Samples of human foreskin were
immersed in OCT compound (Tissue Tek; Fisher Scienti¢c, Hanover
Park, IL) and frozen with liquid nitrogen or an acetonedry ice slurry.
Sections with 7^10 mm thickness were cut using a routine cryostat
microtome, placed on glass slides, air dried, and stored at ^201C. Samples
were ¢xed in acetone at ^201C for 10 min, warmed at 371C for 30 min, and
then wetted with PBS for 10 min prior to blocking for 30 min with 5%
normal serum of the same species as the secondary antibody.Washes with
PBS/1% BSA, containing 0.1% Triton X-100 for most caveolin
experiments, followed blocking and antibody incubations. The same
bu¡er was used to dilute primary and secondary antibodies. Treatment
with primary antibody was for 1^2 h at room temperature, and with
secondary antibodydye conjugates for 1 h at room temperature and
protected from light. Stained sections were mounted with Vectashield H-
1000 (Vector Laboratories, Burlingame, CA) and stored in the dark at 41C
prior to examination using a Zeiss LSM 510 laser scanning confocal
microscope.
Immunoelectron microscopy
Freeze substitution of tissue samples This technique has been described to
minimize loss of antigenicity that results from standard plastic embedding
procedures, while preserving lipid structures. The procedure was per-
formed as described by van Genderen et al (1991). Un¢xed human foreskin
tissue was cryoprotected in 30% glycerol and frozen in liquid propane.
Samples were transferred to a Balzer FSU 010 freeze substitution unit and
substitution was carried out at 901C in methanol. The temperature was
raised to ^451C and the samples were in¢ltrated in a graded series of Low-
icryl HM20methanol mixtures. After in¢ltration with pure Lowicryl
HM20, the resin was polymerized with ultraviolet light.
Immunogold labeling and transmission electron microscopy examination of an isolated
epidermal membrane fraction applied directly to grids The procedure was per-
formed using a technique developed by Schei¡ele et al (1998) for immunoe-
lectron microscopy studies of transport vesicles isolated from cultured cells.
The method involves simply applying a small (1^2 ml) droplet of sample to
a Formvar-coated 100 mesh nickel grid, in preparation for immunogold
labeling. Several dilutions of the LG-enriched low density epidermal frac-
tion in PBS/1% BSAwere applied to grids and examined with a transmis-
sion electron microscope in order to determine an appropriate
concentration of material that would not totally obscure gold particles fol-
lowing immunogold labeling.
Immunogold labeling of caveolin-1 Grids were prepared with thin sections of
freeze-substituted samples of human foreskin tissue and with aliquots of
the isolated LG-enriched subcellular fraction. The same general protocol
described above for immuno£uorescence staining was followed, but with
substitution of 10 nm colloidal gold conjugated secondary antibody and
shorter, 30 min, incubations with blocking solution and primary antibody.
Specimens were post stained with uranyl acetate/lead citrate and examined
in a Hitachi 7000 microscope.
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RESULTS
Caveolin-1 mRNA expression is di¡erentiation
dependent As shown in the northern blot in Fig 1(A),
following a switch of con£uent human keratinocye cultures
from low calcium KGM to cDMEM di¡erentiation medium,
caveolin-1 mRNA initially decreased and then increased above
the 0 d control value.When results were normalized to culture
DNA, caveolin-1 mRNA decreased by 50% within 24 h
and then increased 4-fold over the 1 d value by 6 d (Fig 1B).
In contrast, caveolin-2 mRNA was unchanged over the
same period. Increased caveolin-1 mRNA expression during
keratinocyte culture di¡erentiation was also noted by Li et al
(2001) although with what appears to be a faster time course.
They did not note the initial decline in expression on induction
of di¡erentiation, but this may be due to di¡erences in the two
keratinocyte culture systems.
Caveolin-1 monomer expression parallels the mRNA
response to culture di¡erentiation Results from the
immunoblot in Fig 1(A) and the plot in Fig 1(B) show that
following a switch to di¡erentiation medium caveolin-1
monomer decreased by half over 1^2 d and then increased to
E5 control values by 7 d; the protein response lagged behind
the mRNA response by several hours. The caveolin-2 protein
level was unchanged during this period. A similar increase in
caveolin-1 protein expression during keratinocyte culture
di¡erentiation, without the initial decline, was reported by Li
et al (2001).
Figure 2 compares results of immunoblots obtained with two
di¡erent polyclonal caveolin-1 antibodies (SC894 and C13630; see
Table I). Only a 22^24 kDa band, corresponding to caveolin-1
monomer, was detected with C13630 (blot A) whereas a second
major form with a mobility corresponding to E60 kDa was
also detected with SC894 (blot B). The monomeric form in both
blots increased with culture di¡erentiation (blots A and B; Scrape,
days 0, 1, 3, and 7), whereas the larger form seen on the blot using
SC894 decreased over the same time period (blot B; Scrape, days 0,
1, 3, and 7). Several of the other antibodies that we used to study
keratinocyte caveolins had variable reactivity with the 22^24 kDa
and 60 kDa bands, with some detecting only the larger form.The
60 kDa band has recently been demonstrated in immunoblots of
lung tissue and attributed to polymeric caveolin (Li et al, 2001);
however, its presence in other cell and tissue types has not been
reported, suggesting that it is cell/tissue speci¢c. In cultures
harvested with trypsinEDTA (T/E) rather than by scraping,
the larger form, which predominated in undi¡erentiated
cultures, was greatly reduced (blot B, T/E compared with Scrape,
days 0 and 7), suggesting that it is localized in an exposed cell
compartment, probably associated with the plasma membrane
of basal keratinocytes. By contrast, the smaller monomeric
form, which is correlated with keratinocyte di¡erentiation, is
presumably localized in a di¡erent compartment, insensitive to
Figure1. Caveolin mRNA and protein expression are regulated
during keratinocyte culture di¡erentiation. At day 0, cultures grown
to con£uence in KGM were switched to cDMEM di¡erentiation medium
and harvested at the indicated times for analysis of caveolin RNA and pro-
tein. Total RNA was extracted from three to ¢ve cultures per group; ali-
quots containing 3 mg RNA were analyzed by northern blotting as
described in Materials and Methods. For immunoblotting, homogenates
from duplicate cultures were combined and aliquots containing equal
amounts of total protein were analyzed as described inMaterials andMethods
with use of antibodies directed against caveolin-1 (TL C13630) and caveo-
lin-2 (SC1858). Results shown in blots are from individual experiments
and are representative of ¢ndings from several studies conducted under si-
milar conditions. (A) Images of caveolin-1 and caveolin-2 RNA and pro-
tein blots demonstrate marked changes in caveolin-1 but not caveolin-2
mRNA and protein levels during culture di¡erentiation. (B) Plots of data
from RNA and protein blots show that changes in caveolin-1 protein le-
vels lag behind mRNA levels, but are of a similar relative magnitude. Data
from two separate experiments were combined to obtain values for each
plot. Caveolin-1 mRNA signals were corrected with respect to 28S RNA
and the corrected mRNAvalues and immunoblot results were normalized
to culture DNA content.
Figure 2. Detection of multiple keratinocyte caveolin-1 forms on
immunoblots is determined by antibody speci¢city and culture
sample preparation. Human foreskin keratinocyte cultures switched to
cDMEM di¡erentiation medium for 0, 1, 3, or 7d were harvested by scrap-
ing or trypsinEDTA treatment (T/E), as indicated. Homogenates were
boiled in Laemmli sample bu¡er and 0.45 mg of sample protein was applied
per lane. Blots were treated with caveolin-1 antibodies TL C13630 in blot A
and SC894 in blot B. Data shown are representative of two separate experi-
ments. Note the increase of 22^24 kDa monomeric caveolin with time of
culture di¡erentiation in (A) and (B), but decrease of the 60 kDa complex
form, detected only in (B). Also note that cells harvested by tryp-
sinEDTA treatment lost most of the complex form: compare blot B, cells
harvested byT/E at 0 or 7 d with cells harvested by scraping at 0 or 7d.
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trypsinEDTA treatment. Comparison of day 0 T/E versus day 0
Scrape lanes in blot B suggests that trypsinEDTA treatment
converted the caveolin oligomeric form to the monomeric form.
Keratinocyte caveolin-1 mRNA expression is una¡ected by
increased medium calcium concentration, but is reduced by
PMA treatment Increasing the calcium concentration in KGM
is su⁄cient to induce expression of several keratinocyte proteins
associated with terminal di¡erentiation, and this e¡ect may be
mediated in part by activation of calcium-responsive protein
kinase C (PKC) isoforms. When the calcium concentration of
KGM in nearly con£uent cultures was switched from 0.07 to
1.4 mM, there was no di¡erence in caveolin-1 mRNA levels
compared to the control cultures maintained in low calcium
medium after 24 h (Fig 3) or 3 d (not shown). Caveolin-1
mRNA levels decreased markedly with time in both low
calcium and normal calcium post con£uent KGM cultures [82%
and 21% of the 0 d value after 1 and 3 d, respectively (not
shown)]. This indicates that the early decline in caveolin-1
mRNA levels after switching to cDMEM di¡erentiation
medium cannot be attributed to increased medium calcium
levels.
Treatment of nearly con£uent low calcium KGM cultures with
PMA for 24 h dramatically reduced the level of caveolin-1
mRNA (Fig 3). Caveolin-1 mRNAwas decreased to 50% by 8
h and to less than 5% of the 0 h control value by 12 h (Fig 4).
PKC mediates PMA-induced downregulation of caveolin-1
mRNA in keratinocyte cultures To examine whether the
PMA e¡ect on caveolin-1 mRNA was mediated by PKC,
low calcium KGM cultures were treated with a speci¢c,
cell-permeable inhibitor of PKC activity, BIM, along with
PMA. Results in Fig 5 show that BIM prevented the
PMA-mediated decrease in caveolin-1 mRNA, indicating that
PKC downregulates caveolin-1 mRNA in this system. This
suggests that the early decrease in caveolin-1 mRNA upon
initial induction of culture di¡erentiation may be mediated in
part through activation of a noncalcium-responsive PKC isoform.
Caveolin-1 is enriched in a low density, acid-hydrolase- and
LG-rich epidermal fraction To test the possibility that
caveolin-1 is associated with LGs, we prepared a subcellular
epidermal fraction that is enriched in LGs and acid hydrolases
(Madison et al, 1998). Enrichment of LGs in the lowest density
Metrizamide gradient fraction and retention of characteristic
morphology (Fig 6A) as seen in tissue specimens (Fig 6B) was
con¢rmed by electron microscopy of osmium-stained samples.
Caveolin-1 was measured in the various fractions of the
preparation by immunoblotting (Fig 6C). As expected from the
multiple functional roles and cellular localizations described for
caveolin-1 in other cell and tissue types, caveolin protein was
present in several of the epidermal fractions, but was particularly
enriched in the lowest density portion of the Metrizamide
gradient that contains LGs (Grtop, Fig 6C). Caveolin in this
fraction is enriched 2.5 and 4.3 over that in the middle and
bottom bands, respectively, of the gradient; 1.6 over that in
the 17,000 g precipitate applied to the gradient; and 12.5
over that in the whole homogenate. The 17,000 g super-
nate presumably includes non-LG-associated soluble forms
of caveolin originating from all of the cells in the viable
epidermis, and possibly from the stratum corneum, where sub-
stantial caveolin labeling not associated with LGs has been
demonstrated. A comparison of the caveolin distribution with
that of acid lipase and glucocerebrosidase, which are also
enriched in the low density gradient fraction, is shown in Table
II. These results suggest that caveolin-1 is associated with LGs.
Figure 3. PMA treatment of KGM cultures decreases caveolin-1
mRNA, but increasing the medium calcium concentration has no
e¡ect. Con£uent keratinocyte cultures grown in KGM supplemented
with 70 mM calcium were treated for 24 h with 1.4 mM calcium or 100
nM PMA and analyzed for caveolin-1 mRNA as described in Materials
and Methods. Total RNAwas extracted from three or four cultures per ex-
perimental group. Results shown were normalized for culture DNA con-
tent and averaged from two separate culture experiments.
Figure 4. PMA treatment of KGM cultures causes rapid downregu-
lation of caveolin-1 mRNA. Con£uent keratinocyte cultures grown in
KGM supplemented with 70 mM calcium were treated with 200 nM PMA
and analyzed for caveolin-1mRNA at the indicated times. Total RNAwas
extracted from four or ¢ve cultures per experimental group. Results were
normalized for culture DNA content. Results are representative of two se-
parate blots.
Figure 5. The PKC inhibitor BIM blocks PMA-induced downregu-
lation of caveolin-1 mRNA. Con£uent keratinocyte cultures grown in
KGM supplemented with 70 mM calcium were treated with 100 nM PMA
7 1 mM BIM for 24 h.Three cultures per sample group were harvested for
determination of caveolin-1 mRNA by northern blotting as described in
Materials and Methods. Results for cultures treated with solvent only, PMA,
PMAþBIM, or BIM alone were normalized to culture DNA content.
Results from two separate experiments were averaged.
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By immuno£uorescence microscopy, caveolins are localized
in the basal layer and at the stratum granulosum/stratum
corneum (SG/SC) junction of human epidermis We
used confocal £uorescence microscopy to further study the
localization of caveolins in skin. Several commercially available
speci¢c antibodies directed against caveolin-1 produced a strong
signal in the basal cell layer of the epidermis, weaker labeling of
the spinous layer, and reappearance of signal at the SG/SC
junction (Fig 7). Labeling was also seen in the dermis,
presumably in association with connective tissue and endothelial
cells. Di¡erences in the pattern of labeling by the di¡erent
antibodies suggest di¡erences in the exposure of speci¢c caveolin
epitopes, probably due to the multiple membrane and protein
associations of caveolins. Two of the three caveolin-2 antibodies
showed less labeling of the basal layer, a more even distribution
of the suprabasal signal than was seen for caveolin-1, and a less
prominent signal at the SG/SC junction.
Several approaches, including trials of di¡erent ¢xation
procedures and antigen retrieval techniques as well as inclusion
of detergents during staining procedures, failed to enhance
caveolin-1 signal in the spinous layers or diminish signal at the
SG/SC junction. Indeed, inclusion of Triton X-100 in antibody
and wash solutions enhanced the granular layer staining in some
cases (Fig 8A,C). Coapplication of a peptide with the same
sequence as the immunogen for one of the caveolin-1 antibodies
(SC894) diminished the signal, demonstrating speci¢city of the
staining (Fig 8B).
Overall, the pattern of caveolin-1 immunolocalization in intact
skin supports the caveolin-1 mRNA and protein expression
results in keratinocyte cultures, where signi¢cant expression is
present in the basal, undi¡erentiated compartment, and then
declines on initiation of di¡erentiation followed by a sustained
increase later in di¡erentiation.
These results are somewhat di¡erent from those reported by Li
et al (2001), who noted abundant suprabasal staining with a
polyclonal anticaveolin-1 antibody, but their study was done on
a cultured skin equivalent. Gassman andWerner (2000) using the
polyclonal SC894 antibody, reported only basal staining on
mouse tail skin, whereas we noted di¡use epidermal staining
with accentuation in the basal and granular layers on normal
human skin with this antibody (Figs 7D, 8). Campbell and
Gumbleton (2000) found full-thickness staining with slightly
greater intensity in the basal and granular layers using the
polyclonal antibody C13630 on normal human skin, whereas we
noted primarily basal layer staining and a much weaker signal in
the granular layer with the same antibody (Fig 7A).
Surprisingly, as caveolin-3 has previously been found to be
expressed exclusively by muscle tissues, we found intense
caveolin-3 staining in human epidermis, primarily in the
granular layer (Fig 8I). Dermal staining, probably associated
with blood vessels, was also noted. Preliminary evidence from
RT-PCR indicates that caveolin-3 mRNA is expressed in
keratinocyte cultures (not shown).
Caveolin-1 and putative LG-associated antigens are partially
colocalized at the SG/SC junction Confocal immuno£uo-
rescence microscopy was used to examine the possibility that
caveolins are colocalized at the SG/SC junction with antigens
that are thought to be associated with LGs (Fig 9). In the
absence of a well-de¢ned exclusive marker for LGs, we tested
antibodies for three putative LG-associated antigens. Glucocere-
brosidase is required for processing of extruded glucosylcera-
mides to ceramides at the SG/SC junction (Holleran et al, 1994)
and is thought to be delivered to the extracellular site by LGs.
AE17 was initially isolated during a search for hair-follicle-
associated proteins and was found to be speci¢cally associated
with LGs, although the antigen remains unknown and precise
localization within LGs has not been demonstrated (O’Guin
et al, 1989). Glucosylceramides are a major lipid component of
LGs and the antiglucosylceramide antibody we used in these
studies has recently been shown to decorate LGs as well as the
LG extrusion zone in human skin (Vielhaber et al, 2001).
Caveolins show partial colocalization with all of the above
antigens at the SG/SC interface, indicating an association with LGs.
Caveolin-1 is localized in the upper epidermis and in a low
density LG-rich epidermal fraction by immunoelectron
microscopy Immunogold staining of freeze-substituted
Figure 6. A subcellular, LG-containing epidermal fraction is en-
riched with respect to caveolin-1. Subcellular fractions of pig epidermis
were prepared as described in Materials and Methods. For transmission elec-
tron microscopy samples from the low density gradient fraction and from
whole epidermis were ¢xed with 3% glutaraldehyde/3% formaldehyde,
post¢xed with osmium, and embedded in Epon. Note that LGs enriched
in the isolated fraction (A) and those in intact epidermis (B) have the same
morphologic properties and size range. The bar in (A) corresponds to 0.1
mm. The immunoblot of subcellular epidermal fractions shown in (C) was
prepared with the indicated amounts of protein from whole homogenate,
17,000 g supernate, 17,000 g precipitate, and fractions of the 17,000 g
precipitate isolated from the top, middle, and bottom of a 20%^50% Me-
trizamide gradient. The blot was probed with caveolin-1 antibody TL
C13630. Note that caveolin-1 signal/protein is highest in the LG-enriched
top, lowest density band, compared to the other gradient fractions. Quan-
titation of results is shown inTable II.
Table II. Caveolin-1 is enriched in a low density, acid
hydrolase- and LG-rich epidermal fraction
Relative amount per total protein
Fractiona b-glucosidaseb Acid lipaseb Caveolinc
Whole homogenate 1.070.1 1.0070.01 1.0
400 g precipitate 0.4770.05 1.1070.01 
17,000 g supernate 5.670.2 8.8070.04 21.0
17,000 g precipitate 2.970.6 3.1470.04 7.6
Metrizamide gradient
Top band 10.870.7 27.071.4 12.5
Middle band 3.270.4 4.7370.09 5.1
Bottom 1.570.2 0.9370.06 2.9
aPreparation of subcellular fractions from pig epidermis was described in Mate-
rials and Methods and in the legend to Fig. 6.
bActivities of acid lipase and b-glucosidase were determined by £uorogenic rate
assay using the respective methylumbelliferyl substrates, as described in Materials
and Methods. The speci¢c activity of acid lipase and b-glucosidase in the whole
homogenate was 0.23570.020 and 0.9670.09 nmol product per min per mg pro-
tein, respectively. Results are shown as ratios of speci¢c activity in fractions com-
pared to that in the whole homogenate and are expressed as the mean7SEM of
triplicate determinations.
cCaveolin-1 protein was determined by immunoblotting, as described in Mate-
rials and Methods. Results shown are the average of duplicates calculated for each
fraction from densitometric measurements of signals in the immunoblot in
Fig. 6(C). Data are normalized to the relative caveolin-1 content of the whole
homogenate.
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foreskin specimens embedded in Lowicryl revealed intense
intracellular caveolin-1 staining in the innermost layers of the
stratum corneum (Fig 10A), as has been demonstrated by Li et al
(2001) using several di¡erent antibodies. Staining was also
detected in the uppermost granular layer in association with
structures consistent with LGs by size, distribution, and overall
morphology (Fig 10B).
To avoid problems with antigen loss associated with sample
processing for immunoelectron microscopy, an aliquot of the
LG-enriched high density fraction isolated from epidermis was
applied directly to grids for immunostaining. Immunogold
labeling of caveolin-1 in association with structures of the same
relative dimensions of LGs was detected (Fig 10C), although this
technique, which does not reveal the internal lamellae, does not
allow de¢nitive identi¢cation of the structures as LGs.
DISCUSSION
Despite two decades of progress in understanding the role of LGs
and their contents in epidermal barrier function, almost nothing
is known about the mechanisms responsible for the assembly of
these unique organelles. Given the emerging role of caveolins in
the structural organization of cholesterol- and sphingolipid-en-
riched membrane domains in diverse cell types, we speculated
that caveolins may play an important role in LG biogenesis.
Figure 7. Caveolin-1, caveolin-2, and caveolin-3 are detected in human epidermis by immuno£uorescence analysis; localization in the basal
layer and at the junction of the stratum granulosum and stratum corneum varies with the caveolin isotype and/or speci¢city of the primary
antibody. Anti-caveolin antibodies were applied to acetone-¢xed 7^10 mm frozen sections of foreskin tissue, followed by secondary immunoglobulins
conjugated withTexas Red, Alexa Fluor 488, or £uorescein. Images were obtained using a Zeiss LSM 510 laser scanning confocal microscope and associated
software. Images obtained with Nomarski optics were merged with £uorescence images to highlight overall structure of the skin sections. (A)(I) show
images from experiments with di¡erent antibodies generated against the indicated caveolin peptide sequence (seeTable I for antibody list): (A) Cav-1, 1^97,
TL C13630; (B) Cav-1, 1^178,TL C37120; (C) Cav-1, 1^178,TL C43420; (D) Cav-1, 1^20, SC894; (E) Cav-1, 82^178, SC7875; (F) Cav-2, 54^149, SC7942; (G)
Cav-2, 1^20, SC1858; (H) Cav-2, 42^162,TL C57820; (I) rat Cav-3, 3^24,TL C38320. Primary and dye-conjugated secondary antibodies were titrated so as to
employ the highest dilutions that provided detectable signal in the absence of background. Caveolin-1 antibodies (AE) in general showed strong localiza-
tion in the basal layer (open arrowhead) and at the SG/SC interface (solid arrowhead), and much weaker signal in the spinous layer; the ratio of basal to junctional
staining varied with the primary antibodies. Two caveolin-2 antibodies (F, G) showed little staining of the basal layer but strong signal throughout the rest
of the epidermis, whereas a third (H) showed a pattern much like caveolin-1 antibodies. The caveolin-3 antibody (I) showed strong signal only at the SG/SC
interface.
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Figure 8. Caveolin-1 signal in the basal layer and at the SG/SC interface is reduced by blocking peptide and enhanced, especially at the SG/
SC interface, by inclusion of TX-100 in incubation and wash bu¡ers. Frozen acetone-¢xed human foreskin sections were immunostained with
SC894 caveolin-1 primary antibody (1:50) and goat antirabbit Texas-Red-conjugated secondary antibody (1:300). (A) Control sample was immunostained
by the standard procedure described inMaterials and Methods, but with exclusion of detergent in bu¡ers. (B) Following a protocol from Santa Cruz, primary
antibody was pretreated overnight at 41C with a 5 molar excess, with regard to immunoglobulin concentration, of the speci¢c peptide immunogen,
SC894P, before application to sections. (C) 0.1% Triton X-100 was included in incubation and wash solutions.
Figure 9. By immuno£uorescence analysis, caveolins are partially colocalized at the SG/SC interface with putative LG-associated compo-
nents, AE17 antigen and glucocerebrosidase, and glucosylceramides. Primary antibodies applied to human foreskin frozen sections were detected
with appropriate species-speci¢c secondary antibodies conjugated withTexas Red, Alexa 488, or £uorescein. The combinations of primary antibodies were
as follows: (A) AE17 monoclonal (green) and SC7875 caveolin-1 polyclonal (red); (B) glucocerebrosidase polyclonal (red) and TL C43420 caveolin-1 mono-
clonal (green); (C) polyclonal directed against glucosylceramides (red) and TL C38320 caveolin-3 monoclonal (green); and (D) glucosylceramide polyclonal
(red) and TL C43420 caveolin-1 monoclonal (green). Areas of colocalization (yellow) are present, in all cases, at the SG/SC junction.
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We show here that caveolin-1 protein is most prominent in the
basal and granular layers of the epidermis, colocalizes with two
putative LG-associated proteins, and is enriched in a subcellular
fraction that is also enriched in LGs. On immunoelectron micro-
scopy caveolin-1 is associated with structures consistent with LGs
by size, location, and morphology in intact epidermis and with
appropriately sized vesicular structures in an LG-enriched subcel-
lular fraction. As there is not yet a de¢nitive marker for LGs
other than the demonstration of their unique internal membrane
structure, immunoelectron microscopy of LGs using standard
techniques, which do not optimally preserve this membrane
structure, remains challenging. At present, a combination of cri-
teria that includes size, shape, location, and general structural
morphology is used to identify LGs when preservation is subop-
timal. Newer techniques using high-pressure freezing in combi-
nation with freeze substitution (Pfei¡er et al, 2000;Vielhaber et al,
2001), which improve preservation of LG structure (although not
to the degree seen in osmium- or ruthenium-tetroxide-¢xed
samples), may facilitate future studies.
If caveolin is important during late di¡erentiation events, one
would expect increased expression of the protein at that time.
Our data show that caveolin-1mRNA and protein is initially de-
creased upon induction of keratinocyte di¡erentiation by a
switch from low calcium KGM to normal calcium DMEM-
based medium.The addition of PMA, but not calcium, to undif-
ferentiated cultures dramatically decreased caveolin-1 mRNA ex-
pression, indicating that this early downregulation may be
mediated by calcium-unresponsive PKC activity. We have pre-
viously shown, using the same keratinocyte culture system, that
PMA induces ceramide glucosyltransferase mRNA expression via
calcium-unresponsive PKC activity (Sando and Madison, unpub-
lished), suggesting that these two di¡erentiation-associated events
may be mediated by the same pathway with opposite e¡ects.
PMA increases keratinocyte involucrin mRNA expression via ac-
tivation of a PKC-Ras-MAPK pathway (E¢mova et al, 1998) and,
in other cell types, it has been shown that activation of a Ras-
MAPK pathway downregulates caveolin-1 mRNA expression
(Engelman et al, 1999; Park et al, 2001). Caveolin-2 expression
did not change during keratinocyte culture di¡erentiation, con-
sistent with the ¢nding that caveolin-2 is relatively una¡ected
by Ras-MAPK activation (Engelman et al, 1999; Park et al, 2001).
The pathways responsible for the induction of caveolin-1
expression later in culture di¡erentiation, following the initial
decline, have not yet been investigated. It has recently been
shown that involucrin expression during early versus late epider-
mal di¡erentiation is controlled by distinct regulatory elements
(Crish et al, 2002); a similar mechanism could explain the pattern
of caveolin expression that we found in these studies. The com-
plete loss of basal caveolin immunostaining with retention of
staining in the upper di¡erentiated layers in some, but not all,
samples of psoriatic epidermis (Campbell and Gumbleton, 2000;
Campbell et al, 2002) also suggests that di¡erent pathways may
regulate caveolin expression at di¡erent stages of di¡erentiation.
Caveolins are likely to play multiple roles in epidermal biology
depending on the di¡erentiation state of the keratinocyte. In the
basal layer, the dominant role would probably be the control of
cell proliferation and initiation of di¡erentiation via regulation of
multiple signaling pathways. The loss of caveolin expression in
the proliferative layers of psoriatic epidermis demonstrated by
Campbell and Gumbleton (2000) and Campbell et al (2002) led
the authors to suggest that the proliferation and di¡erentiation
abnormalities in psoriasis may result from loss of caveolin-
mediated controls. Our immunoblot data showing two caveolin
forms, with the larger trypsin-sensitive form dominating in un-
di¡erentiated cells and then decreasing with di¡erentiation, also
suggests a di¡erent functional role for caveolin in undi¡erentiated
keratinocytes.
In terminally di¡erentiating keratinocytes we speculate that ca-
veolins play a key role in the assembly and/or tra⁄cking of LGs.
Caveolins have been demonstrated on trans-Golgi network de-
rived transport vesicles in Madin Darby Canine Kidney (MDCK)
Figure10. Caveolin-1 signal is abundant in the innermost stratum
corneum layers as demonstrated by immunoelectron microscopy,
and is detectable in the granular layer and an isolated LG fraction
in association with LG-like structures. (A), (B) Human foreskin tissue
was processed by freeze substitution and embedded in Lowicryl. Immu-
nostaining was with primary caveolin-1 antibody SC894 and secondary
antibody conjugated to 10 nm gold. (C) The lowest density, top gradient
fraction of a human epidermal sample was obtained as described in Materi-
als and Methods and for Fig 6. An aliquot of the fraction was applied di-
rectly to a Formvar-coated nickel grid and immunostained as described
for (A), (B). Note decoration by 10 nm gold particles of E100^200 nm
structures in the granular layer (SG) in (A) and (B), and in the isolated frac-
tion in (C). Abundant labeling in the lower stratum corneum (SC) in (A)
appears to be associated with ¢brous structures. Bars in (A)(C) represent
0.1 mm. Arrows in (B) and (C) indicate LG-like structures.
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cells (Schei¡ele et al, 1998). Although their exact role in MDCK
vesicle tra⁄cking is not known, the authors speculate that they
serve to organize sphingolipid- and cholesterol-enriched domains
in the trans-Golgi network for transport to the plasma mem-
brane. At present, nothing is known about LG tra⁄cking and
there have been no studies of classical vesicular tra⁄cking or fu-
sion machinery, i.e., the SNARE model (reviewed inWeber et al,
1998), in keratinocytes. As many of the studies of vesicle tra⁄ck-
ing and fusion have been conducted in neuronal and neuroendo-
crine cells, it is still not clear whether the same mechanisms are
used in epithelial or other cell types and other proteins could well
be involved. Given that there is no need for the recycling of this
machinery in the granular keratinocyte as it approaches cell
death, the delivery of LGs to the plasma membrane may be ac-
complished by a specialized mechanism.
As discussed earlier, LGs do not constitute a uniform vesicular
population, and are now thought to correspond to the tubulo-
vesicular transport elements, also known as post-Golgi carriers
(Hirschberg et al, 1998; Mironov et al, 1998; Pelham, 2001), that
arise from maturation of Golgi cisternae. The molecular mechan-
isms underlying membrane fusion in cells, including that of
trans-Golgi network transport intermediates with the plasma
membrane, are still under active investigation and a number of
models have been proposed (reviewed in Mayer, 2001). Norlen
(2001) has recently proposed a membrane folding model of bar-
rier lipid delivery to the intercellular space that does not require
tra⁄cking or membrane fusion as classically described and is
based on the concept of cubic membrane structures (Landh,
1995). In any of these models, caveolins are excellent candidates
for a critical role in the assembly of the glycosphingolipid- and
cholesterol-enriched membrane domains, i.e., LGs, that are re-
quired for epidermal barrier function. Whether these molecules
could also facilitate fusion with the plasma membrane, if indeed
fusion does occur, is another question to be investigated.
In addition, there are numerous keratinocyte proteins that con-
tain one or more caveolin binding motifs, including many en-
zymes involved in keratinocyte lipid metabolism and proteins
that may mediate organelle tra⁄cking (Table III). It is possible
that caveolins function in the organization and regulation of en-
zyme activity in the appropriate membrane domains. Caveolin-
containing vesicles, termed ‘‘cavicles’’, that move bidirectionally
along microtubules have recently been identi¢ed in CHO cells
(Mundy et al, 2002). LG-associated caveolin could interact with
keratinocyte cytoskeletal elements and/or various motor proteins,
many of which contain one or more caveolin binding motifs (see
Table III), to direct movement toward the plasma membrane.
The di¡use and abundant intracellular corneocyte staining de-
monstrated both by us and by Li et al (2001) remains unexplained,
but suggests that caveolin dissociates from LGs at the time of ker-
atinocyte cell death, with exposure of additional epitopes for
antibody binding in corneocytes. Protein-associated caveolin
would also probably become dispersed upon cell death. Loss of
caveolin staining in the upper stratum corneum could re£ect epi-
tope masking or proteolytic destruction, among other possibili-
ties. Our microscopy studies do not de¢nitively di¡erentiate
between staining of the limiting membrane of the LG versus
staining of the interior membranes. If caveolin is associated with
the interior membranes and is extruded into the extracellular
space, epitope masking or proteolytic destruction could also ex-
plain the lack of staining in this location.
Caveolin-1 knockout mice have been produced by three inves-
tigative groups (Drab et al, 2001; Razani and Lisanti, 2001a; Raza-
ni et al, 2001; Zhao et al, 2002). These mice, which also have
minimal caveolin 2 and are essentially caveolin-1/caveolin-2 dou-
ble knockouts, are viable and fertile, much to the surprise of ca-
veolin investigators. The mice have increased endothelial nitric
oxide synthase (eNOS) activity in the cardiovascular system and
uncontrolled endothelial cell proliferation in the lung, and exer-
cise intolerance. A caveolin-1/3 double knockout mouse (which
has no caveolin-1, caveolin-2, or caveolin-3) was recently gener-
ated and is also viable and fertile but with severe cardiomyopathy
(Park et al, 2002). A cutaneous phenotype was not mentioned and
epidermal morphology was not reported for any of these knock-
out mice. Our ¢nding of caveolin-3 in epidermis by immuno-
£uorescence microscopy and RT-PCR was unexpected, as this
caveolin is considered speci¢c to muscle cells. If caveolin-3 ex-
pression in epidermis is con¢rmed, this might be an example of
tissue-speci¢c functional redundancy. It would clearly be of inter-
est to examine the histology and ultrastructure of the epidermis,
as well as the expression of other sca¡olding proteins, in both the
caveolin-1 and caveolin-1/3 knockout mice. Caveolin investiga-
tors speculate that there may be redundant mechanisms to replace
some functions of caveolins. In epidermis, the existence of multi-
ple compensatory mechanisms, as in mice with knockout of
other important barrier-related proteins [e.g., involucrin (Djian
et al, 2000) and loricrin (Jarnik et al, 2002)], is likely.
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